Abstract. Platinating agents constitute the first line treatment for ovarian cancer but treatment failure is common because of intrinsic and acquired resistance. Cancer cells develop the RASP-phenotype (cross resistance against arsenite, antimonite and platinum) associated with decreased accumulation of cisplatin and arsenite. ASNA1 is a possible subunit of a transport system for cisplatin and arsenite due to homology to arsA, an ATPase in the E. coli ars-complex responsible for efflux of arsenite and antimonite. Eukaryotic ASNA1 is a targeting factor for membrane insertion of tail-anchored proteins involved in the secretory pathway and cellular stress responses. The purpose with this study was to evaluate if ASNA1 expression influenced cisplatin, carboplatin, oxaliplatin or arsenite sensitivity in ovarian cancer. Human ovarian cancer cell line 2008 was transfected with a sense or an antisense ASNA1 construct. ASNA1 downregulated and overexpressing clones were identified by Western blots. Cell growth and chemosensitivity was determined by the MTT assay. Downregulated ASNA1 expression was associated with retarded growth and increased sensitivity to cisplatin, carboplatin, oxaliplatin and arsenite whereas the cisplatin resistant 2008/ A overexpresses ASNA1. These observations support the hypothesis that ASNA1 is a target to overcome platinum resistance in ovarian cancer.
Introduction
Platinum based drugs are used to treat a variety of solid tumours. Cisplatin and carboplatin have been in clinical use for many years to treat ovarian, testis, bladder, head and neck cancers and small-cell and non-small cell lung cancer (1) . Oxaliplatin has a broader spectrum of clinical use, also affecting colon cancer (2) . Of clinical relevance is intrinsic resistance by many tumour types to platinating agents. In addition, the cytotoxicity is limited by emergence of resistance during treatment of originally sensitive cells. Knowledge about how platinum is detoxified is important in order to understand how to circumvent resistance. One important mechanism for resistance is reduction of intracellular platinum levels (3) . Cisplatin resistant cells exhibit not only a low platinum content, but also a decreased accumulation of arsenite (4) . These cells are cross resistant to arsenite, antimonite and cisplatin, termed the RASP-phenotype (Resistance to As, Sb and Pt) (4, 5) . This suggests a common resistance mechanism that acts by either increased efflux or decreased influx of the drug.
Ion transporters are often conserved during evolution (6) . In bacteria, the ars-operon is responsible for efflux of antimonite and arsenite. The Ars-complex consists of five subunits; two regulatory proteins, one reductase and an ATPase (ArsA) that acts in association with a channel protein (ArsB) to form an efflux pump (7) . The ars-operon is conserved among prokaryotes while, in eukaryotes; there is an arsA homologue in nearly every organism (8) .
ASNA1, the human homologue of arsA (9) is an arsenite stimulated ATPase (10, 11) and is found in the cytosol, in the perinuclear region and in the nucleolus (12) . Immunohistochemistry studies reveal ASNA1 expression in several types of normal tissues and cancers (13) . Downregulation of ASNA1 results in growth arrest and increased arsenite sensitivity in Caenorhabditis elegans (11, 14) , embryonic lethality in mice (15) , decreased insulin secretion (14) and retarded growth and increased apoptosis in humans (16) . An explanation for such a diverse set of functions may lie in recent reports showing that ASNA1 mediates ER membrane insertion of tailanchored proteins (17) (18) (19) .
We have previously reported increased sensitivity to arsenite and cisplatin by downregulation of ASNA1 in a human melanoma cell line (16) . Cisplatin and carboplatin are generally considered to share the same pharmacodynamic and pharmacokinetic pathways while oxaliplatin cytotoxicity and resistance is mediated by other mechanisms (20) . In this study, we investigated whether altered ASNA1 levels affect the sensitivity not only to cisplatin and arsenite but also to carboplatin and oxaliplatin.
There is evidence for the involvement of copper transporters in cisplatin resistance (21) (22) (23) . Moreover, disruption of the ASNA1 homologue arr4/GET3 in yeast results in increased sensitivity to copper (24) . To evaluate if ASNA1 contributes to copper resistance we also determined the copper sensitivity in ASNA1 overexpressing and downregulated cells.
Here we report that reduced ASNA1 expression in human ovarian cancer cells results in increased sensitivity to cisplatin, carboplatin, oxaliplatin and arsenite. In addition, cisplatin and arsenite resistant ovarian cancer cell line 2008/A overexpresses ASNA1. In this study we observe neither increased sensitivity nor resistance to zinc or copper by altering ASNA1 expression. This is consistent with the hypothesis that ASNA1 is involved in a pathway responsible for the RASP-phenotype and identifies ASNA1 as a target to overcome resistance.
Materials and methods
Cell culture. Human ovarian cancer cell line 2008 (25) and the cisplatin resistant subline 2008/A (4) were grown in RPMI-1640 (Invitrogen, Paisley, UK) supplemented with 5% fetal bovine serum (FBS), termed complete medium. The medium for transfected cells containing a neomycin resistance gene was supplemented with 0.3 mg/ml G418 (Invitrogen). Cells were grown in monolayer culture at 37˚C in humidified air with 5% CO 2 .
Plasmid transfection. The 2008 cells were transfected with the previously described pTarget-ASNA1-sense, pTarget-ASNA1-antisense and pTarget-empty vector plasmids (16) using lipofectamine reagent (Invitrogen). Briefly, cells were seeded on petri dishes and grown in complete medium until 70% confluency. Four micrograms of plasmid DNA and 30 μl lipofectamine were mixed in 750 μl serum-free medium and incubated 15 min in room temperature before addition to the cells. After 4 h incubation at 37˚C, 5 ml of medium containing 20% FBS was added. The next day the FBS-enriched medium was exchanged to complete medium supplemented with 1 mg/ml G418. After 2-3 weeks, independent cell clones were randomly isolated and plated separately for clonal expansion in complete medium.
Immunoblotting. Exponentially growing cells were lysed in ice-cold buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 nM EDTA, 1% Triton, 5 mM DTT, 0.1 mM PMSF and 1% protease inhibitor cocktail (Sigma, Stockholm, Sweden). The supernatant was collected after centrifugation at 14,000 rpm 20 min at 4˚C. The total protein concentration of the lysates was determined using the DC Protein Assay (Biorad, Sundbyberg, Sweden). Thirty micrograms of total cellular protein was separated in 10% SDS-PAGE gels and electrotransferred to immobilon-p membranes (Millipore, Sundbyberg, Sweden). After blocking in 5% fat-free milk in 1X TBS, the membranes were incubated for 1 h with a primary rabbit anti-ASNA1 antibody (16) (1:2000, 1 h at room temperature) (Agrisera, Vännäs, Sweden). After washing, the membranes were incubated for 30 min with a secondary horseradish peroxidase-conjugated donkey antirabbit antibody (Amersham Pharmacia Biotech, Uppsala, Sweden). The bound antibodies were visualized by chemiluminescence using the ECL-kit (Amersham Pharmacia Biotech). To confirm equal loading, membranes were stripped for 30 min at 50˚C in a buffer containing 100 mM betamercaptoetanol, 2% SDS and 0.0625 M Tris (pH 6.7), and then incubated with a primary monoclonal anti-ß-actin antibody (Sigma) and a secondary horseradish peroxidaseconjugated sheep anti-mouse IgG antibody (Amersham Pharmacia Biotech), detected as described above. The bands were quantified using Quantity One 4.5.2 (basic) software (Biorad).
Cell growth assay. Ovarian cancer 2008 cells in suspension
were stained by trypan blue and counted in a Bürkel chamber. Then, 1500 cells were seeded in 200 μl complete medium on 96-well plates. The plates were incubated at 37˚C in humidified air with 5% CO 2 for 24, 48, 72 and 96 h. Anchorage-dependent cell growth was determined daily in triplicate wells by the MTT colorimetric growth assay (26) (Sigma). Twenty microliters of 5 mg/ml MTT was added to each well and incubated at 37˚C for 4 h. After removal of the medium, the dye crystals were dissolved in acidified isopropanol. The optical density was measured on an ELISA plate reader at 570 nm with background subtraction at 650 nm. Each experiment was performed at least three times.
Chemosensitivity assay. To assess chemosensitivity, 3000 cells were seeded in 180 μl complete medium in each well of 96-well plates. After 24 h in CO 2 -chamber, 20 μl of test substance were added to reach final concentrations of 0-20 μM sodium arsenite (Sigma), 0-1.0 μg/ml cisplatin (Platinol ® , Bristol Myers Squibb AB, Sweden), 0-8.0 μg/ml carboplatin (Paraplatin ® , Bristol Myers Squibb AB), 0-0.5 μg/ml oxaliplatin (Eloxatin ® , Sanofi-Aventis AB, Sweden), 0-200 μM copper (II) sulphate (Merck, Germany) or 0-1.20 mM zinc chloride (Göteborgs termometerfabrik, Sweden). In each experiment, the assay was done in triplicate wells at each concentration. After 72 h incubation, cell number in each well was determined by the MTT assay as described above. Arsenite toxicity was measured after 48 h. Each experiment was performed at least three times. The concentration needed to reduce cellular population by 50% (IC 50 ) was determined.
Statistical analysis. Results were expressed as mean ± SEM. Results were compared by two-sided t-test. P<0.05 was set as level of statistical significance. IC 50 -values and doubling times were calculated from the linear regression of the logarithmically transformed slope illustrating cell number vs. concentration and cell number vs. time. The relative sensitivity to each drug was determined by dividing the IC 50 -value with the IC 50 value of the control 2008 wild-type and empty vectors. SPSS 16.0 for Mac OS X was used for statistical analysis.
Results
Generation of clones with altered ASNA1 expression. The ASNA1 sense construct was aimed at creating clones with increased ASNA1 expression. After transfection, 24 independent ovarian cancer cell line 2008 clones were randomly isolated and all grew well during clonal expansion. Two clones, s18 and s23, exhibited obvious overexpression of ASNA1. S18 had the highest ASNA1 expression, 300±5.5% of wild-type (p<0.001) (Fig. 1) . The ASNA1 antisense construct was set up to establish clones with decreased ASNA1 expression. Thirty-two independent clones were randomly isolated. Six clones grew slowly and two clones died during clonal expansion. Three clones, as4, as9 and as28, had decreased levels of ASNA1 protein with as9 showing the lowest levels. However, as9 grew too slowly to be compared to other clones regarding chemosensitivity. As4 expressed 42±3.6% of wild-type ASNA1 levels (p<0.005) (Fig. 1) , while as28 had 71±4.9% of wild-type levels (p<0.05). All three ASNA1 downregulated clones grew slowly during clonal expansion. The empty vector construct was transfected into 2008 to establish control clones. Thirty-two clones were isolated and they expressed wild-type levels of ASNA1.
Retarded growth in ASNA1 downregulated cells. As noted, during clonal expansion the ASNA1 downregulated cells grew slowly compared to wild-type. We wished to quantify this growth defect by determining doubling time by the colorimetric MTT-assay. The doubling time for ASNA1 antisense clone as4 was 140±5.5% of parental 2008 (p<0.05). Antisense clone as28 also grew slowly compared to wild-type 2008 while ASNA1 overexpressing clone s18 and the empty vector control displayed similar doubling times (Table I) . wild-type and also resistant to antimonite and arsenite (4) . To evaluate if ASNA1 is involved in RASP (Resistance to As, Sb and Pt), the ASNA1 expression in 2008/A was measured. These cells displayed 177±10% ASNA1 expression compared to wild-type (p<0.05) as seen on Western blotting (Fig. 1) . Table I . Doubling times in ovarian cancer cells with altered levels of ASNA1 expression. .05 compared to empty vector transfectants (emv).
ASNA1 is not the only requirement for the RASP phenotype.
To evaluate if RASP is a result of increased ASNA1 expression in 2008/A, we measured chemosensitivity in ASNA1 overexpressing clone s18. Cells were subjected to a continuous 72 h exposure of cisplatin, carboplatin, oxaliplatin, copper (II) sulphate or zinc chloride or a 48 h exposure to sodium arsenite. Cytotoxicity was determined by the MTTassay. Overexpression of ASNA1 did not alter chemosensitivity to any test substance, compared with empty vector transfected cells or wild-type ( Fig. 2A-D , Table II ). Thus, although ASNA1 overexpression is induced in cisplatin resistant cells, ASNA1 expression alone is not a rate-limiting factor in a stipulated resistance mechanism.
Increased chemosensitivity in ASNA1 underexpressing clones.
We could not detect any effect on copper sensitivity by increasing or decreasing ASNA1 expression (Table II) . ASNA1 underexpressing cells were also as resistant as wild-type to zinc chloride. However, we found increased cisplatin sensitivity in the ASNA1 downregulated cells (Fig. 2A) . The cisplatin IC 50 for antisense clone as4 was 62.7±3.5% of parental 2008 (p<0.01). We detected increased sensitivity of the same magnitude to carboplatin and oxaliplatin in ASNA1 deficient as4 (Fig. 2B and C, Table II) . We also observed increased sensitivity to arsenite (Fig. 2D and Table II) where IC 50 was 72.0±6.4% of the wild-type value (p<0.05). Thus, downregulation of ASNA1 results in increased sensitivity to all three chemotherapeutic platinum compounds and arsenite. We note that the antisense clone as28 exhibited only a moderate decrease in ASNA1 expression. Nevertheless we observed a statistically significant increase in sensitivity to arsenite, cisplatin and carboplatin in as28 compared to parental 2008 or empty vector transfected 2008 (Table II) .
Discussion
In this study on ovarian carcinoma we demonstrate retarded growth and increased sensitivity to three platinum based drugs: cisplatin, carboplatin and oxaliplatin and arsenite by antisense blockage of ASNA1. In addition, a cisplatin resistant subline of ovarian carcinoma overexpresses ASNA1. This confirms earlier observations from human malignant melanoma T289 cells where ASNA1 downregulation resulted in increased sensitivity to arsenite and cisplatin, retarded growth and increased apoptosis (16) . The cisplatin and arsenite hypersensitivity due to ASNA1 deficiency is of the same magnitude in ovarian carcinoma and malignant melanoma.
Two previous observations resulted in the hypothesis that ASNA1 might be involved in arsenite and platinum resistance. First, ASNA1 is the human homologue of Escherichia coli ArsA, an ATPase responsible for efflux of arsenite and antimonite. ASNA1 and ArsA are both arsenite stimulated ATPases and share a NTP-binding motif (9, 10, 27) . Further, ASNA1 homologues in Saccharomyces cerevisiae and C. elegans have a conserved function in arsenite and antimonite resistance (11, 24) . Secondly, tumour cells display the RASPphenotype constituted by cross resistance between arsenite, antimonite and cisplatin (5) . RASP is associated with impaired accumulation of arsenite and the cisplatin analogue [H 3 ]DEP, indicating that an alteration in a transport mechanism may be the basis of this phenotype (4) .
Bacterial ArsA acts in association with the transmembrane channel protein ArsB but there are no reported ArsB homologues in mammals (8) . Instead, eukaryotic ASNA1 targets tail-anchored (TA) proteins for insertion into the ER membrane (17) (18) (19) . TA-proteins are involved in several central pathways necessary for normal cellular function. Consequently, downregulation of ASNA1 results in disparate phenotypes such as changed cellular morphology, decreased insulin secretion, retarded growth, increased apoptosis and increased chemosensitivity (14, 16) . Notably, ASNA1 deficient cells do not seem generally hypersensitive to stress since they are as resistant as wild-type to zinc chloride and other toxic metals beside antimonite, arsenite and platinum (11, 16) . The observation that the ATPase activity of ASNA1 is stimulated by arsenite (10,11) lets us speculate that cells exposed to arsenite or platinum have increased activity of ASNA1, potentially triggering a subset of TA-proteins important for resistance to the toxic metal.
SNARE proteins are TA-proteins controlling fusion of transport vesicles and cellular membranes (28) . Vesicular efflux of cisplatin has been previously reported (29) and further studies are needed to clarify if ASNA1 participates in such a pathway.
Another important group of TA-proteins is the Bcl-2 family, which regulates apoptosis (30) . Decreased ASNA1 expression results in increased apoptosis (16) and antiapoptotic Bcl-2 is upregulated in cisplatin resistant cells, inhibiting the DNA-damage signal and thus cell death (3). Cisplatin can also induce apoptosis and ER stress independently of DNA damage (31) . Recent reports state that ASNA1 mediates an ONCOLOGY REPORTS 22: 869-875, 2009 873 Table II . Chemosensitivity in ovarian cancer cells with altered levels of ASNA1 expression.
Platinum sensitivity measured by the MTT assay in ovarian cancer cell line 2008. ---------------------------------------------------------------------------------------------------- 
Chemosensitivity measured by the MTT assay in ovarian cancer cell line 2008. 
-----------------------------------------------------------------------------------------------------
A. IC 50 , the inhibitory concentration needed to reduce the cell population growth by 50%, was determined by the MTT assay after 72 h exposure to cisplatin, carboplatin or oxaliplatin. ASNA1 downregulated antisense clones (as4 and as28) were more sensitive to platinating agents than wild-type 2008, the control empty vector transfectants (emv) and ASNA1 overexpressing sense clone (s18). Data represent mean ± SEM from three representative series. B. IC 50 values after 48 h exposure to sodium arsenite or 72 h exposure to zinc chloride or copper (II) sulphate. ASNA1 downregulated antisense clones (as4 and as28) were more sensitive to arsenite than wild-type 2008, the control empty vector transfectants (emv) and ASNA1 overexpressing sense clone (s18). Data represent mean ± SEM from three representative series. a p<0.05 compared to 2008; b p<0.01 compared to 2008; c p<0.05 compared to emv and d p<0.01 compared to emv. nd, not done.
ER stress response by integration of the tail-anchored stressassociated endoplasmatic reticulum protein 1 (SERP1) into the ER (19) . Interestingly, SERP1 knock-out mice demonstrate growth retardation, increased mortality and impaired insulin response on glucose stimulation (32) , phenotypes that are similar to those seen in cell lines with decreased ASNA1 expression (14, 16) .
Several reports reveal a link between cisplatin resistance and the copper transporters CTR1, ATP7A and ATP7B (22, 23) . The S. cerevisiae ASNA1 homologue Arr4/GET3 interacts with transport protein Gef1 when copper is available and copper-mediated redox stress changes the conformation of Arr4/GET3 (33) . Disruption of arr4/GET3 results in increased sensitivity to copper (24) . Loss of several TA-proteins, possibly targeted by ASNA1, also results in hypersensitivity to copper (17) . If ASNA1 would interact with copper transporters, one would expect that altered ASNA1 expression would have had an effect on copper sensitivity. However, in this study, changes in the level of ASNA1 expression did not influence copper cytotoxicity. It is possible that a small difference in sensitivity might be hidden in this setting and cells selected or transfected for copper resistance are reported to exhibit larger changes in cisplatin sensitivity than copper sensitivity (21) . Thus, an association between ASNA1 and copper transporters cannot be excluded.
Clinical use in advanced colon cancer separates oxaliplatin from earlier generations of platinum drugs (2) . Both cisplatin and oxaliplatin form DNA adducts but these are not detected by the same damage-recognition proteins, resulting in different clinical responses (34) . Deficient DNA mismatch repair results in cisplatin resistance but does not affect oxaliplatin cytotoxicity (35) . The moderate ASNA1 downregulation in antisense clone as28 does not result in oxaliplatin hypersensitivity. Nevertheless, ASNA1 downregulation to 42% in as4 increases the sensitivity to cisplatin, carboplatin and oxaliplatin, indicating a general role for ASNA1 in platinum resistance.
ASNA1 overexpression did not result in platinum or arsenite resistance in this study nor in a malignant melanoma cell line (16) . This is consistent with the hypothesis that ASNA1 acts as a subunit in a pathway where at least one other unit is required to confer resistance. Cisplatin resistant cell lines 2008/A and malignant melanoma T289/DDP (16), express elevated levels of ASNA1, probably together with a so far unknown target for ASNA1. Nevertheless, downregulation of only ASNA1 results in increased chemosensitivity, indicating that ASNA1 is the limiting factor to increase platinum susceptibility through this stipulated pathway.
It has not been possible to knock down the ASNA1 expression below approximately 40% of wild-type expression. ASNA1 underexpressing antisense clones as4 and as28 grew significantly slower compared to wild-type and as9 grew too slowly to be assessed in chemosensitivity assays. We have reported similar growth defects in ASNA1 deficient human melanoma T289 cells (16) . Observations in C. elegans nematodes reveal growth arrest in the first larval stage in ASNA1 depleted nematodes (14) . Knock-out of ASNA1 in mouse is embryonic lethal (15) . Thus, we suggest that human cells need a basal level of ASNA1 for survival.
In conclusion, downregulation of ASNA1 results in retarded growth and increased sensitivity to cisplatin, carboplatin, oxaliplatin and arsenite in ovarian cancer. These observations support the hypothesis that ASNA1 is a target to overcome platinum resistance in ovarian cancer.
